We present the result of an extended experimental characterization of the hexagonal intermetallic Haucke compound NpNi5. By combining macroscopic and shell-specific techniques, we determine the 5f -shell occupation number n f close to 4 for the Np ions, together with orbital and spin components of the ordered moment in the ferromagnetic phase below TC = 16 K (µS = -1.88 µB and µL = 3.91 µB). The apparent coexistence of ordered and disordered phases observed in the Mössbauer spectra is explained in terms of slow relaxation between the components of a quasi-triplet ground state. The ratio between the expectation value of the magnetic dipole operator and the spin magnetic moment (3 Tz / Sz = +1.43) is positive and large, suggesting a localized character of the 5f electrons. The angular part of the spin-orbit coupling ( ℓ · s = -5.55) is close to the value of -6.25 calculated for trivalent Np ions in intermediate coupling approximation. The results are discussed against the prediction of first-principle electronic structure calculations based on the spin-polarized local spin density approximation plus Hubbard interaction, and of a mean field model taking into account crystal field and exchange interactions.
I. INTRODUCTION
The Haucke intermetallic compound NpNi 5 was discovered during systematic investigations of the neptunium-nickel phase diagram motivated by the search of optimal targets for minor actinides transmutation processes, and by concerns related to the safety of nuclear fuels interacting with cladding materials 1 . X-ray diffraction showed that NpNi 5 (contrary to the cubic UNi 5 ) has an hexagonal crystal symmetry and shares the CaCu 5 structure type with the Th and Pu analogs. Based on the lattice parameters, the authors of Ref.
[1] derived a metallic radius of 0.1750 nm for the Np atoms in NpNi 5 . According to Zachariasen 2 , such a value would correspond to a Np 4+ (5f 3 ) oxidation state. Moreover, as the interatomic spacing of about 0.4 nm between Np atoms is substantially larger than the Hill limit (0.325 nm), the 5f electrons should be localized 3 and appreciable crystal field effects are expected.
More information on the physical properties of NpNi 5 is not available. On the other hand, the literature on the isostructural RNi 5 compounds (R = rare earth) is much wider. Several members of this system react reversibly with hydrogen and can absorb it in large quantities at ambient temperatures and pressures [4] [5] [6] [7] [8] . They have therefore been widely investigated for their potential as hydrogen and electrochemical storage material. Also the magnetic properties of RNi 5 compounds have attracted considerable attention, mainly because of their magnetocrystalline anisotropy, related to the interplay of crystal field (CF), spin-orbit, and exchange interactions acting on the R 3+ ions [9] [10] [11] [12] [13] [14] [15] . In fact, as the 3d band of Ni is almost filled by the rare earth valence electrons 16 , the magnetic properties of RNi 5 are practically entirely due to the R ions. For non-magnetic rare earth (R = La, Ce, Lu, and Y), the compounds are enhanced Pauli paramagnets, otherwise they are ferromagnetic, with the highest T C = 32 K exhibited by GdNi 5 16,17 . An exception is PrNi 5 , which is characterized by a well-isolated singlet CF ground state, and is therefore a Van Vleck paramagnet [18] [19] [20] [21] . Here, we present the results obtained by Superconducting Quantum Interference Device (SQUID) magnetometry, specific heat, Mössbauer spectroscopy, and x-ray magnetic circular dichroism (XMCD) measurements carried out on NpNi 5 polycrystalline samples. We show that the compound orders ferromagnetically below T C = 16 K, with an ordered moment µ 0 ∼ 2 µ B carried out by Np 3+ ions and a very small contribution (∼ 0.08 µ B per Ni atom) from the Ni sublattice. Information on the lowenergy part of the electronic spectrum is obtained from the analysis of the specific heat curve. A combined analysis of the different experimental data sets, allowed us to determine key parameters associated with the electronic structure of the system. These results are used to benchmark the predictions of first principle electronic structure calculation based on the spin-polarized local spin density approximation plus Hubbard interaction.
The remainder of this paper is structured as follows. In
Sec. II, we provide details on synthesis and experimental procedures; in Sec. III we present the experimental results and compare them with the outcome of mean-field calculations. The results of first principle calculations are presented in Sec. IV. Discussion and conclusions are found in Sec. V. and VI.
II. EXPERIMENTAL DETAILS
Polycrystalline samples of NpNi 5 were prepared by arc melting stoichiometric amounts of high-purity elemental constituents (99.9 % Np, 99.999 % Ni) on a water-cooled copper hearth, under Ar (6N) atmosphere. A Zr alloy was used as an oxygen getter. The weight losses were examined after arc melting and resulted to be less than 0.5 %. The sample was melted 5 times and crushed before the last melt, to ensure complete homogeneity of the alloy button.
The same procedure has been followed to prepare a sample of the non-magnetic iso-structural compound ThNi 5 , which has been used to determine the vibrational contribution to the specific heat of NpNi 5 .
Crystallographic phase analyses were performed at room temperature by x-ray diffraction on samples with a mass of about 25 mg, finely ground and dispersed on a Si wafer. Data were collected in reflection mode with a Bruker D8 diffractometer installed inside a α − γ glove box, using Cu-Kα 1 radiation (λ = 0.15406 nm) selected by a Ge (111) monochromator. A 1-D position sensitive detector was used to cover the angular range from 15 to 120 degrees, with incremental steps of 0.0085 degrees.
dc-magnetization and magnetic susceptibility measurements were carried out in the temperature range 2−300 K, with an external magnetic field up to 7 T on a 196 mg sample using the MPMS-7 SQUID from Quantum Design (QD). The specific heat experiments were performed using the relaxation method on a 10.9 mg polycrystalline sample using the QD PPMS-14 platform in the temperature range 2.2−300 K and in a magnetic field up to 14 T. For these measurements, the sample was enrobed in Stycast 1266 epoxy encapsulant, to prevent external radioactive contamination. The resin contribution to the measured heat capacity was subtracted according to a standard procedure. The 237 Np Mössbauer measurements were performed in transmission geometry on a powder absorber with a thickness of 140 mg cm −2 of Np. The Mössbauer source (∼108 mCi of 241 Am metal) was kept at 4.2 K, while the temperature of the absorber was varied from 4.2 to 140 K in discreet steps. The spectra were recorded with a sinusoidal drive system using conventional methods. The velocity scale was calibrated with reference to a NpAl 2 standard (B hf = 330 T at 4.2 K). No contributions associated with the small amount of NpO 2 impurity phase have been observed in the measured quantities. In particular no anomaly was visible around 25 K, the temperature below which longrange order of magnetic triakontadipoles is stabilized in NpO 2 .
22,23
The x-ray-absorption-spectroscopy (XAS) and x-ray magnetic circular dichroism (XMCD) experiments were carried out at the European Synchrotron Radiation Facility (ESRF) using the ID12 beamline, which is dedicated to polarization-dependent spectroscopy in the photonenergy range from 2 to 15 keV. Data were collected at the M 4,5 edges of Np (3.6-3.9 keV). After monochromatization with a double-crystal-Si(111), the rate of circular polarization of the photons provided by the Helios-II helical undulator (in excess of 0.95) was reduced to about 0.42 at the M 5 and 0.50 at the M 4 absorption edge. The x-ray-absorption spectra were recorded using the totalfluorescence-yield detection mode in backscattering geometry for parallel µ + (E) and antiparallel µ − (E) alignments of the photon helicity with respect to a 7 T external magnetic field applied along the beam direction. In order to get XMCD spectra free of experimental artifacts, measurements were also performed for the opposite direction of the applied magnetic field. For these measurements, we used a 3.5 mg sample glued with a conductive resin (Dupont 4929) inside an Al capsule, with a 100-µm-thick Be window and a 13-µm-thick kapton foil for protection.
III. EXPERIMENTAL RESULTS

A. Crystal structure
The room temperature powder diffraction pattern of NpNi 5 is shown in Fig. 1 . The Rietveld analysis was performed with the X'Pert HighScore Plus software package of PANalytical. The background was fitted with a 6 th -order polynomial, and the shape of the Bragg peaks was described by a pseudo-Voigt function. The observed Bragg peaks can be indexed in the hexagonal P 6/mmm space group, with lattice parameters a = 0.48501(5) nm and c = 0.39841(2) nm, in very good agreement with previous estimates 1 . Additional observed Bragg peaks reveal the presence of NpO 2 as an impurity phase (∼ 3% in weight), and some SiO 2 from the agate mortar used to grind the sample. No other impurities were observed.
The best fit was obtained assuming the CaCu 5 -type structure typical of Haucke compounds, with full occupation of 1a, 2c, and 3g sites and fixed isotropic temperature factors B (B N p = 0.2Å 2 ; B N i = 0.4Å 2 ). Any attempt to vary the occupancy of additional sites resulted in an increase of the weighted-pattern index (R wp = 0.13). The crystal structure is shown in Fig. 2 . The z = 0 plane contains Np and Ni atoms located, respectively, at the 1a and 2c special positions, whilst the plane at z = 1/2 contains Ni atoms centered at the 3g Wyckoff sites. The first, second, and third neighbors of Np are 6 Ni (2c), 12 Ni (3g), and 2 Np, respectively. The smallest nearest Np-Np distance is of 0.39841(5) nm, well above the so-called Hill limit of ∼0.32 nm that separate Np compounds with localized 5f states from itinerant systems. Appreciable crystal field effects are therefore expected.
B. Magnetic measurements
The magnetic field (µ 0 H) dependence of the magnetization M (T, µ 0 H) is shown in Fig. 3 for temperatures T equal to 2 and 5 K. The T dependence of M (T, µ 0 H), measured after field-cooling (FC) and zero-field-cooling (ZFC) conditions in a field µ 0 H = 0.1 T is shown in the inset. The observed magnetization curve is typical for a soft ferromagnet with vanishing coercive field and a Curie temperature T C ≃ 16 K, below which irreversibility ef- fects associated to domain walls motions are observed. Below T C , the magnetization saturates around µ 0 H = 2 T, reaching a value of ∼2.2 µ B /f.u. at µ 0 H = 7 T. The temperature dependence of the inverse magnetic susceptibility H/M , measured up to 300 K in a field of 7 T, is shown in Fig. 4 . Above ∼ 40 K, it can be fitted by the Curie-Weiss law with an effective paramagnetic moment µ ef f = 3.69 µ B and a Curie-Weiss temperature θ CW = 14.7 K. The effective moment is very close to that of a Np 4+ free-ion in intermediate coupling (3.8 µ B ), whereas it is much larger than for a trivalent ion (2.88 µ B ). However, the latter case cannot be excluded since the fact that the ordered moment on the Ni sites is very small (as determined in the next subsection) does not imply a negligible contribution to the effective moment. This was clearly shown in the case of NdNi 5 where the much larger than free ion value can be ascribed to the Ni contribution 24 .
C. Specific heat measurements Figure 5 shows the experimental data for both NpNi 5 , and ThNi 5 . The anomaly observed at T C for the former broadens and moves towards higher temperatures upon application of an external magnetic field, as expected for an anisotropic polycrystalline ferromagnetic sample.
The vibrational contribution has been estimated by subtracting a constant electronic term γ = 0.037 J K −2 mol −1 from the C p /T measurements performed on ThNi 5 , and is compared to the NpNi 5 data in calculated from the Mössbauer splitting at 4 K. This has been subtracted to the C p /T data of NpNi 5 before integrating the result in order to obtain the temperature dependence of the magnetic entropy change (Fig. 7) . Its behavior is qualitatively in line with what expected for Np 3+ : at the jump around 16 K the entropy change is roughly equal to Rln2, indicating a doublet ground state. The full magnetic entropy for the lowest J manifold is recovered around room temperature. 4 trivalent state of Np in a metallic environment 25 . At 4.2 K the hyperfine field is B hf = 437 T, corresponding to an ordered magnetic moment at the Np site µ N p = 2.03(5) µ B (B hf /µ N p =215 ± 5 T/µ B ), 26 and the quadrupole coupling constant is e 2 qQ ≃ -10.5 mm/s. From the magnetization saturation value of 2.2 µ B /f.u., assuming as a crude approximation that the contribution of the conduction band is -10% of the total magnetization, the average magnetic moment per Ni atom in NpNi 5 is roughly estimated as ∼ 0.08 µ B .
As shown in Fig. 9 , the temperature dependence of the order parameter shows an abrupt step at T C rather than a continuous decrease. At the same time, the Mössbauer absorption spectra show the persistence of both a broad central absorption peak below T C and of a magnetic splitting above. These observations could indicate a first order nature of the phase transition. However, the absence of hysteresis in the magnetic and specific heat measurements, as well as their shape, do not support this conclusion. A different explanation involves crystal field effects 
as considered in the following sections.
E. Crystal-field model
Given that the nature of 5f electrons in NpNi 5 is expected to be essentially localized, we have attempted to model its properties by simple crystal-field (CF) calculations. The CF Hamiltonian appropriate for the D 6h symmetry of the Np sites is ( 1) and reasonable values of the B q k parameters can be obtained by rescaling those determined for the isostructural PrNi 5 compound 27 . Table I gives the crystal-field splittings and the wavefunctions calculated for the lowest J multiplets of the 5f 4 (Np 3+ , J = 4) configuration in the paramagnetic phase.
Adding the mean-field term with λ = 6.8T /µ B triggers a second-order transition to a ferromagnetic state with the easy magnetization direction along the c axis, and reproduces exactly both the experimentally determined Curie temperature (T C = 16 K) and the ordered moment (2.03 µ B ).
F. XMCD spectra
XMCD is associated with time-reversal symmetry breaking by a magnetic field and involves electric dipole or electric quadrupole transitions promoting an electron in a spin-orbit split core state to an empty valence state of the absorbing atom. The technique provides an elementand shell-specific probe for studying the electronic structure of a wide range of materials 28 . In this experiment, XMCD spectra have been measured at the M 4,5 (3d 3/2,5/2 → 5f ) Np absorption edges.
The XAS spectra, measured with the sample kept at 2 K in a magnetic field of 7 T, are shown in Fig. 10 for both for both right-and left-circularly polarized x-rays. The spectra have been corrected for self-absorption effects and for incomplete circular polarization rates of incident x-ray photons. The self-absorption corrections were done in the semi-infinite sample approximation, taking into account the chemical composition, the density, the background contributions (fluorescence of subshells and matrix, coherent and incoherent scattering), and the geometrical factors [29] [30] [31] . The Np edge-jump intensity ratio M 5 /M 4 has been normalized to 1.57, the value reported in the XCOM tables by Berger et al. in Ref. 32 , which is close to the 1 : 2/3 statistical edge-jump ratio (defined as the ratio between the occupation numbers for the two spin-orbit-split core levels j = 3/2 and 5/2). The XMCD signal has been obtained as the difference of the corrected x-ray-absorption spectra, ∆I M4,5 = µ + (E) − µ − (E), whereas the white line intensities I M4,5 were obtained after a subtraction of a step function convoluted by a Voigt line shape, in order to remove contributions due to transitions into the continuum. The results are shown in Fig. 11 , together with the field dependence of the dichroic signal at the M 4 edge, normalized at 7 T to the value of the Np ordered magnetic moment deduced from Mössbauer spectroscopy. This provides a Np-specific magnetization curve, which is compared with the magnetization measured by SQUID at 2 K. The difference between the two data sets provides the conduction electrons and Ni sublattice contributions to the total magnetization.
The orbital and spin contributions to the total magnetic moment carried by the Np atoms can be separately determined by appropriate sum rules 33, 34 . In particular, the ground state expectation value of the orbital moment is obtained from the total dichroic signal, ∆I M5 + ∆I M4 , as 35 :
where I M4,5 is the integrated intensity of the isotropic x-ray absorption spectrum at the Np M 4,5 edges, and n h is the number of holes in the 5f shell. The spin polarization S z is instead obtained from a second sum rule, stating that 36 : where the so-called magnetic dipole term T z is the component along the quantization axis of an operator associated to charge and magnetic anisotropy 37 and correlating spin s i and position r i of individual electrons,
. Furthermore, the expectation value of the angular part of the valence states spinorbit operator, ψ| ℓ · s|ψ , can be obtained from the XAS branching ratio, B = I M5 /(I M5 + I M4 ), as
where ∆ is a quantity dependent from the electronic configuration 34 (for Np 3+ , ∆ = -0.005) and the experiment provides an isotropic branching ratio B = 0.746 (5) . Assuming n h = 10, from Eq. 5 one obtains ℓ · s = -5.55, a value close to the one (-6.25) calculated in the intermediate coupling approximation for Np 3+ free ions 33 . Morevover, as ψ| ℓ · s|ψ = 3n 5f 7/2 /2 -2n 5f 5/2 , one obtains for the occupation numbers of the j = 5/2 and j = 7/2 5f sub-shells n Table II lists some parameters and observables obtained from XMCD data assuming a trivalent oxidation state for neptunium, compared with the same quantities calculated for the ground state in the ordered phase by the mean-field model outlined in the previous subsection.
From Eqs. 3 and 4 one obtains ( S z + 3 T z ) = 2.26. This corresponds to T z = 0.44 and to a ratio 3 T z / S z = +1.43, which differ by about 5% from the value of +1.36 obtained by similar experiments in Np 2 Co 17 25 , which is also a localized system, but is about 70% larger than the value (0.83) found for the itinerant ferromagnet NpOs 2 39 .
IV. FIRST-PRINCIPLE CALCULATIONS
To examine theoretically the electronic structure of NpNi 5 and to make a comparison with experimental data, we performed spin-polarized local spin density approximation (LSDA) as well as LSDA plus Hubbard U (LSDA+U) calculations, using the experimental lattice parameters listed above. All calculations are performed making use of the in-house implementation 40, 41 of the full-potential linearized augmented plane wave (FP-LAPW) method. This FP-LAPW version includes all relativistic effects: scalar-relativistic and spin-orbit coupling (SOC). The radii of the atomic muffin-tin (MT) spheres are set to 2.8 a.u. (Np) and 2.1 a.u. (Ni) . The basis set size is characterized by the parameter R N p × K max = 8.4 and the Brillouin zone is sampled with 765 k points.
First, we apply the conventional spin-polarized LSDA, assuming anti-parallel coupling between Ni-3d and Np5f spin moments 42 . Table III reports the calculated spin (µ S ), orbital (µ L ), and total (µ = µ S + µ L ) magnetic moments in the "muffin-tin" spheres around Np and Ni atoms (in µ B units), together with the total values (including contributions from the interstitial region) per formula unit (f.u.) of µ S , µ L and µ. It is seen that LSDA yields substantially smaller value of the magnetization/f.u. (0.76 µ B ), than experimentally observed (2.2 µ B ).
Next, we apply LSDA+U calculations, making use of relativistic (including SOC) "around-mean-field" (AMF)-LSDA+U, Ref. [40] . The Coulomb interaction in the Np 5f shell is parameterized by Slater integrals F 0 = 3.00 eV, F 2 = 7.43 eV, F 4 = 4.83 eV and F 6 = 3.53 eV, as given in Ref. [43] . They correspond to commonly accepted values U = 3 eV and J = 0.6 eV for the Coulomb and exchange interactions parameters, respectively. The total electron-energy density of states (DOS) calculated for U = 3 eV is shown in Fig. 12 , together with spin-resolved d-orbital projected DOS for Ni atoms at the occupied lattice sites and f -orbital projected DOS for Np atom. The Ni-d ↑ band is practically full, whereas the Ni-d ↓ band is partially occupied. The DOS peak in the vicinity of the Fermi level (E F ) has mostly Ni-d
The occupied part of Np-f -manifold is mostly located in the energy range from 1 eV to 3 eV below E F , and the 5f electrons are therefore essentially localized. Their contribution to the spin (µ 5f S = −2 S 5f z µ B / ) and orbital (µ 5f L = − L 5f z µ B / ) magnetic moments as well as the magnetic dipole µ 5f md = −6 T z µ B / contribution are given in Table IV , together with the calculated occupation numbers (n 5f , n 5f 5/2 and n 5f 7/2 ), the Np M 4,5 -edges branching ratio B, and the valence spin-orbit interaction ℓ · s (from Eq. 5).
These quantities can be directly compared with those deduced from the shell-specific XMCD spectra measured at the Np M 4,5 absorption edges.
TABLE IV: 5f -states occupations n 5f , n 5f 5/2 and n 5f 7/2 , branching ratio B, and 5f -electron contribution to the valence spinorbit interaction per hole w 110 /n h , and the spin, orbital, and magnetic-dipole moments (µ 5f S , µ 5f L , and µ md ) in Bohr magneton (µB) units. The 5f occupation number is about 3.8, closer to the Np 3+ case. Using the values from Tab. IV one obtains L ζ = -3.98, S ζ + 3 T ζ = 2.22, ℓ · s =-5.68 and the branching ratio B=0.75, together with the f -shell magnetization of 2.3 µ B . All of these numbers are in a reasonable agreement with the experimental data listed in Tab. II for Np 3+ .
V. DISCUSSION
A comparison between XMCD results and firstprinciple calculations supports the assumption that the Np ions in NpNi 5 are trivalent. The Np ordered magnetic moment at 4 K, about 20% smaller than the Np 3+ free ion values (µ = 2.57 µ B ), suggests a rather localized nature of the 5f electrons. This is supported by the results of first-principle calculations that locate the Np-f -manifold in the energy range from 1 eV to 3 eV below the Fermi level. The moment reduction can be attributed to the crystal-field potential. The f -electron behavior is therefore similar to the rare-earth analogs. However, whereas for the latter the Ni d band is completely filled and magnetically inert, here one component of the spin-polarized Ni d band is only partially filled. This is reflected in the value of the effective paramagnetic moment, which is higher than the free ion value for Np 3+ . The specific heat data suggest that the ground state is a doublet and a simple mean-field calculation is sufficient to obtain a good agreement with the values observed for the ordered moment and its spin and angular is negative in NpNi 5 , the Np magnetic moments point along the c-axis, and the ground state is a Γ 5 doublet (note that in the ordered state of NpNi 5 the z axis of the electric field gradient V zz is given by the direction of the ordered magnetic moment).
The electronic 5f contribution to the quadrupole interaction is proportional to < 3J 2 z − J(J + 1) > ≃ 23. For the Np 3+ free ion, < 3J 2 z − J(J + 1) >= 28, and the quadrupole interaction due to the 5f electrons amounts to -27.3 mm/s 49 . It follows that eV 5f zz Q(1−R) is negative and equal to -22.45 mm/s. In addition to this electronic contribution, the quadrupole interaction acting on the Np nuclei contains also a contribution from the lattice and the conduction electrons, eV latt zz Q(1 − γ ∞ ), where γ ∞ is the Sternheimer factor. A rough estimate of this contribution can be provided by the quadrupole interaction measured for GdNi 5 48 , where the f contribution to V zz vanishes, as Gd 3+ are S-state ions. From eV zz Q = 4.68 mm/s in GdNi 5 and using the quadrupole moment Q = 1. 26 (1 mm/s = 19.86×10 −8 eV). As the principal axis of the lattice contribution to the electric field gradient is also parallel to the crystallographic c-axis, the estimated total quadrupole interaction in the low temperature ordered state is eV zz Q = 7.8 mm/s, relatively close to the experimental value of -10.5 mm/s. The difference between observed and calculated values can be attributed to the approximations made above, namely a fully localized 5f electronic configuration, and equal lattice contributions for NpNi 5 and GdNi 5 .
As shown in table I, in the paramagnetic phase the low-energy crystal field level scheme is characterized by a doublet ground state with an excited singlet at 21 K. Direct spin-relaxation is highly suppressed within the Γ 5 doublet but allowed via the excited singlet 53, 54 . As long as the relaxation rate is slow, we observe the coexistence of a magnetic split pattern and of a somewhat broadened quadrupole spectrum, for example at 20 K (Fig. 8) . With increasing temperature, the singlet becomes more and more populated, the spin-relaxation rate speeds up, the magnetic split pattern collapses and the quadrupolar spectrum becomes less and less broad, until the limit of fast relaxation is reached. Below T C , the doublet is split by the molecular field, as depicted in Fig. 13 . However, a quadrupole split spectrum is still observed, together with the full-split pattern originating from the ground state, as long as the singlet is thermally populated. When the temperature is low enough, only the ground state is populated, the relaxation slows down and the hyperfine field is almost temperature independent.
VI. CONCLUSIONS
The low temperature physical behavior of NpNi 5 has been investigated by magnetization, Mössbauer spectroscopy, specific heat, and x-ray magnetic circular dichroism measurements. The compound crystallizes in the CaCu 5 -type hexagonal structure and, at T C ∼ 16 K, undergoes a transition to a ferromagnetic state. The results suggest a trivalent oxidation state for neptunium (5f 4 electronic configuration) and an ordered moment at the Np site of ∼ 2 µ B is obtained by Mössbauer spectroscopy. The Ni up-spin 3d band is almost filled whereas the down-spin one is only partially occupied, resulting in a magnetic moment at the Ni sites of about 0.08 µ B . The peculiar temperature dependence of the Mössbauer spectra is explained by the presence of two separate relaxation phenomena within the sublevels of the ground quasi-triplet.
Combining XMCD and Mössbauer spectroscopy results, we obtain the spin and orbital contributions to the Np magnetic moment (µ S = -1.88 µ B and µ L = 3.91 µ B ). The ratio between the expectation value of the magnetic dipole operator and the spin magnetic moment is positive and large, as predicted for localized 5f electrons. The expectation value of the angular part of the spinorbit interaction operator is in good agreement with the value calculated in intermediate coupling approximation for Np ions. The temperature dependence of the specific heat shows a narrow anomaly at T C , which broadens and shifts towards higher temperatures when an external magnetic field is applied. The vibrational contribution to the specific heat has been estimated from the curve measured for ThNi 5 . This allowed us to determine the magnetic entropy change that gives information on the electronic energy level distribution. Although the 5f -electron narrow band is well below the Fermi energy, the overall magnetic behavior is essentially different form the localized rare earth case, mostly due to the contributions of the nickel sublattice.
